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The signal recognition particle (SRP)-dependent pathway is essential
for correct targeting of proteins to the membrane and subsequent
insertion in the membrane or secretion. In Escherichia coli, the SRP
and its receptor FtsY bind to ribosome–nascent chain complexes
with signal sequences and undergo a series of distinct conforma-
tional changes, which ensures accurate timing and fidelity of protein
targeting. Initial recruitment of the SRP receptor FtsY to the SRP–
RNC complex results in GTP-independent binding of the SRP–FtsY
GTPases at the SRP RNA tetraloop. In the presence of GTP, a closed
state is adopted by the SRP–FtsY complex. The cryo-EM structure
of the closed state reveals an ordered SRP RNA and SRP M domain
with a signal sequence-bound. Van der Waals interactions between
the finger loop and ribosomal protein L24 lead to a constricted sig-
nal sequence-binding pocket possibly preventing premature release
of the signal sequence. Conserved M-domain residues contact ribo-
somal RNA helices 24 and 59. The SRP–FtsY GTPases are detached
from the RNA tetraloop and flexible, thus liberating the ribosomal
exit site for binding of the translocation machinery.
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The Escherichia coli signal recognition particle (SRP) is a com-plex consisting of the universally conserved protein Ffh and
4.5S RNA, which adopts a hairpin structure (1). Ffh is composed
of the N-terminal domain, the G domain that harbors GTPase
activity, and the C-terminal methionine-rich M domain that in-
teracts with 4.5S RNA (2, 3) and with the signal sequence (4, 5).
The N and G domains form a compact structural and functional
unit termed “the NG domain.” Targeting of ribosome-nascent
chain complexes (RNC) containing a signal sequence depends on
the interaction of the RNC–SRP complex with the SRP receptor
FtsY, which is membrane associated (6–9). FtsY and Ffh interact
via their homologous NG domains and form a composite
GTPase active site (10, 11). Crystal structures of the M domain
reveal a hydrophobic groove used to capture signal sequences
(4, 5, 12).
Protein targeting is driven by highly regulated conformational
rearrangements of SRP and FtsY as well as GTP hydrolysis. SRP
recognizes and tightly binds to RNCs displaying a signal sequence
(cargo). Next, RNC-bound SRP efficiently recruits FtsY to form
a nucleotide-independent, transient early state that rearranges
to a GTP-stabilized closed state (13). Ultimately, in the activated
state, handover of the RNC to the Sec translocon takes place,
followed by GTP hydrolysis and disassembly of the SRP–FtsY
complex (14–16). These distinct conformational transitions are reg-
ulated by the ribosome and translocon in the membrane, leading to
a switch from cargo recognition by SRP to cargo release (17, 18).
Cryo-EM structures of bacterial SRP-bound RNCs revealed a
tight cargo-recognition complex (19, 20). In the SRP–FtsY early
complex an overall detachment of SRP from the ribosome was
observed (21). In this state, the G domain of FtsY contacts the
conserved SRP RNA tetraloop, and Ffh and FtsY interact via their
N domains (21) forming a pseudosymmetric V-shaped complex
positioned above the ribosomal tunnel exit. The active sites of the
GTPase domains are apart from each other, explaining why the
early state is inactive in GTP hydrolysis (13, 21, 22).
GTP is required for SRP and FtsY to rearrange into the closed
state. FRET experiments indicate that, in this state, the Ffh–FtsY
NG domains adopt a conformation that resembles the intimate
heterodimeric architecture observed in crystal structures (10, 11,
13). The complete SRP was crystallized in complex with the FtsY
NG domain in the closed/activated state showing the NG domains
docked at the distal end of the RNA hairpin (23, 24). Single-
molecule total internal reflection fluorescence microscopy
directly demonstrated that the Ffh–FtsY NG domains need
to relocate from the tetraloop to the RNA distal end to be-
come activated for GTP hydrolysis and to progress further in the
targeting reaction (24).
Although the early, closed, and activated SRP–FtsY targeting
complexes have been well-characterized biochemically, the gen-
eration of distinct, conformationally homogenous closed and ac-
tivated ribosome–SRP–FtsY complexes for structural studies
proved to be exceedingly difficult, because the ribosome stabilizes
the early state (13). We overcame this challenge by developing
a robust complex preparation strategy, and describe here the
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cryo-EM structure of the closed state of the RNC–SRP–FtsY
complex at a resolution of 5.7 Å.
Results
Closed Targeting Complex Formation. For the structural study of
the closed targeting state we could not use the RNCFtsQ complex
displaying the N-terminal 108 amino acids of FtsQ with its
transmembrane helix (19–21). RNCFtsQ–SRP–FtsY complexes
adopt a very stable early state, and rearrangement from the early
to the closed state is slow and unfavorable (13). To obtain a more
stable closed targeting complex, we used ribosomes displaying
a nascent chain comprising the N-terminal 50 aa of leader pep-
tidase (Lep50). RNCLep50–SRP–FtsY complexes were shown to
exhibit significantly faster kinetics and equilibrium for rearrange-
ment into the closed complex (25, 26).
To further enhance the formation of the closed targeting state,
we used a truncated version of FtsY (FtsY219). This variant lacks
the N-terminal A domain and the first helix of the N domain, which
was reported to inhibit FtsY–Ffh complex formation and GTPase
activation (27); based on this, a single-chain construct comprising
the FtsY219 construct fused via a 31-aa glycine- and serine-rich linker
to full-length Ffh (scSRP219) was generated (Fig. 1A). A similar
FtsY–SRP fusion composed of the full-length proteins was re-
ported to be fully functional in vitro (21) and in vivo (17). Using
ribosome-binding assays, we confirmed that scSRP219 bound
equally well to RNCLep50 and RNCFtsQ (Fig. 1B). We observe a
twofold increase in GTPase activity of the scSRP219 construct
compared with the full-length FtsY–Ffh fusion protein with SRP
RNA (Fig. 1C). A 10-fold increased GTPase activity was previously
reported for the unlinked FtsY219 and Ffh proteins in the absence
of SRP RNA (27); the smaller stimulation we observed was likely
due to the presence of SRP RNA in our experiment that also
activates GTP hydrolysis for the wild-type Ffh–FtsY complex.
Formation of the closed complex by SRP and FtsY219 was tested
using FRET experiments in the presence of RNCLep50 (13). To this
end, residue 345 of FtsY and residue 153 of Ffh (both located in
the G domain) were labeled with BODIPY-FL and coumarin,
respectively (13). The FRET signal of the RNCLep50–FtsY–Ffh
complex in the presence of a nonhydrolysable nucleotide analog
(GMPPNP) was comparable for FtsY219 and full-length FtsY
(both ∼0.5) (Fig. 1D and SI Appendix, Fig. S1A). For compari-
son, the FRET signal was 0.26 and 0.24 for the RNCLep50–FtsY–
Ffh complex formed by full-length FtsY and FtsY219, re-
spectively, for the early complex formed in the absence of
nucleotide (SI Appendix, Fig. S1B) (13, 21); this indicates that
FtsY219 and wild-type FtsY undergo similar conformational
changes during targeting. Importantly, the higher FRET value in
the presence of GMPPNP indicates that the G domains are closer
to each other, confirming that the RNCLep50–Ffh–FtsY complex
rearranges from the early to the closed state.
Cryo-EM of the Closed Complex. RNCLep50 was incubated with a
10-fold excess of scSRP219 in the presence of 1 mM nonhydrolysable
GTP analog (GMPPCP) and used for cryo-EM. After computa-
tional sorting of the initial data set, which contained 132,390 par-
ticles (SI Appendix, Fig. S2) and subsequent refinement, the
structure of the RNCLep50–SRP–FtsY closed complex was de-
termined from 32,170 particles at 5.7 Å resolution [“gold-standard”
method, i.e., refining independent halves of the data separately
and the Fourier shell correlation 0.143 criterion] (28) (SI Appen-
dix, Fig. S3A). The local resolution map indicates a resolution
up to 4 Å in the rigid parts of the large ribosomal subunit (SI
Appendix, Fig. S3B).
In the cryo-EM structure, we observe a distinct density at the
exit of the ribosomal tunnel of the large subunit accounting for the
single-chain SRP–FtsY complex (Fig. 2A). The ribosomal complex
contains a P-site tRNA and nascent chain density reaching into
the ribosomal tunnel (Fig. 1B). However, we could not detect a
continuous density threading through the tunnel. The density at the
exit of the ribosomal tunnel accounts for the SRP RNA and the
Ffh M domain with the bound Lep signal sequence (Fig. 2C).
The reconstruction of scSRP219 close to the exit of the ribosomal
tunnel has a local resolution of 6–7 Å (SI Appendix, Fig. S3B),
revealing secondary structure elements. Further away from the
exit of the ribosomal tunnel, the local resolution for the distal
end of the 4.5S RNA decreases (10–12 Å), indicating flexibility.
Flexibility of the Ffh and FtsY NG Domains. We do not observe any
density accounting for the Ffh and FtsY NG domains at the
distal end of the 4.5S RNA or the RNA tetraloop (Fig. 2A). Our
results suggest that during the rearrangement from the early to
the closed state, the NG domains detach from the RNA tetra-
loop and become flexible with respect to the remaining complex,
adopting multiple conformations. We confirmed the flexible
nature of the NG domains by conjugating gold particles (1.8 nm
diameter) to a His-tag fused to the N terminus of FtsY219 in the
single-chain construct (scSRP2192 construct in Fig. 1A). Com-
plexes RNCLep50 with gold-labeled scSRP2192 were analyzed by
cryo-EM, followed by supervised classification (29) to remove
vacant ribosomes and by multivariate statistical analysis and
classification (30) (Fig. 2D and SI Appendix, Fig. S4). The nano-
gold particles could be clearly detected as black spots in the single
images with scSRP bound to the ribosome, but were averaged out
in the class averages (SI Appendix, Fig. S4 A and B).
The gold particles were most often found next to the tunnel exit
of the large ribosomal subunit (Fig. 2D and SI Appendix, Fig. S4C)
confirming the presence of the NG domains. We did not observe
any accumulation of gold particles next to the RNA tetraloop or
toward the distal end of SRP RNA (Fig. 2D and SI Appendix, Fig.
S4C), confirming Ffh–FtsY NG domain flexibility. Our finding is
consistent with the observation that targeting complexes formed
Fig. 1. Preparation of closed targeting complexes. (A) Schematic repre-
sentation of single-chain SRP–FtsY219 constructs (scSRP219 and scSRP2192).
(B) Coomassie-stained SDS/PAGE section showing the binding of the scSRP219
(added in fivefold molar excess) to RNCLep50 and RNCFtsQ analyzed by cose-
dimentation experiments. In the absence of ribosomes, scSRP constructs
were not observed in the pellet fraction. The protein band corresponding to
scSRP is marked with a red star. (C) GTPase assays comparing the observed
GTP hydrolysis rate constant of the linked wild-type proteins (scSRP full-
length) and scSRP219. (D) FRET values between the Ffh and FtsY G domains in
the RNCLep50–SRP–FtsY and RNCLep50–SRP–FtsY219 complexes in the presence
of GMPPNP (calculated from the data in SI Appendix, Fig. S1A).
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with mutant FtsY(A335W), which blocks the rearrangement from
the closed to the activated state, are incapable of docking to the
distal site of 4.5S RNA in single-molecule FRET experiments
(31). Instead, the closed complex appears to adopt intermediate
states where the NG domains are found in positions ranging from
the RNA tetraloop to the RNA distal end (Fig. 2D) (31).
Ribosomal Contacts Involve Conserved M domain Residues.We placed
the crystal structures of the E. coli large and small ribosomal
subunits (32) and of the GMPPCP-bound SRP–FtsY complex (23)
into the EM density to interpret the closed targeting complex at
the atomic level (Fig. 2C). The well-resolved density of the SRP
M domain allowed us to adjust the position of individual α-helices
and to extend the atomic model by 4 aa to residue 436 at the
C terminus of the M domain (Fig. 3A). In addition, we identified
density corresponding to a α-helix of ∼8 aa of the leader peptidase
signal sequence (Fig. 3A).
The SRP engages the ribosome by forming three contacts in the
closed targeting complex. All three contacts involve the M do-
main. One contact likely involves a hydrogen bond of Ffh gluta-
mine 411 to the sugar phosphate backbone of rRNA helix 24 in
the closed conformation (Fig. 3B). Gln411 is conserved in bacteria
(SI Appendix, Fig. S5A), whereas in Sulfolobus solfataricus (ar-
chaea) a glutamic acid residue is found at this position (in which
case, the contact could then possibly involve chelation of a mag-
nesium ion). A second contact is formed between the C terminus
of the M domain and rRNA helix 59 (Fig. 3C); it involves elec-
trostatic interactions between lysines 431 and 432 and the sugar
phosphate backbone of rRNA h59. Sequence comparison shows
that all bacterial M domains contain positively charged amino acid
residues in this region (SI Appendix, Fig. S5A). A third contact is
observed when the map is contoured at a slightly lower level (0.8σ;
Fig. 3D), which may indicate that this interaction is not overly
strong. The contact involves van der Waals interactions between
conserved hydrophobic residues in the finger loop (isoleucine 360
and possibly valine 364) and ribosomal protein L24 (alanine 51
and leucine 52; Fig. 3D and SI Appendix, Fig. S5 A and B). In-
terestingly, a similar contact could also be found in a previous
Fig. 2. Cryo-EM structure of RNCLep50–scSRP219 complex in the closed state.
(A) Surface representation of the cryo-EM structure of RNCLep50–scSRP219
complex in the presence of GMPPCP. 30S, yellow; 50S, blue; scSRP, red; signal
sequence, orange; P-site t-RNA, green. (B) Close-up of the experimental
density at the beginning of the ribosomal tunnel. Density corresponding to
50S is shown in gray (contoured at 1σ), density corresponding to nascent
chain in red (contoured at 0.5σ). The P-site t-RNA is depicted in space filling
view (green). (C) Quasi-atomic model of the scSRP219 complex in a side view
(Upper, close-up from A) and bottom view (Lower). The experimental den-
sity is shown in light gray. Ribosomal RNA is colored in gray, ribosomal
proteins in cyan, SRP RNA in orange, the Ffh M domain in yellow, and the
signal sequence in red. (D) Nanogold labeling of the FtsY–Ffh NG domains.
(Left) 2D class average of gold-labeled RNCLep50–scSRP2192 particles; (Center)
plot showing the position of the nanogold in the individual images; (Right)
surface view of the cryo-EM structure in the same orientation as the 2D class
average. The red circles indicate the theoretical volume in which the nano-
gold could be found in the closed complex assuming flexible NG domains (SI
Appendix, Fig. S4C), taking into account the length of the linker between
the Ffh M domain and the NG domain, the dimensions of the NG domain
complex (23), and the linker and size of the nanogold particle.
Fig. 3. Atomic model of the M domain, the bound signal sequence, and
ribosomal contacts. (A) Model of the Ffh M domain and the Lep signal se-
quence bound in the hydrophobic groove and flanked by the finger loop.
Color-coding as in Fig. 2C. (B) Interaction between rRNA helix 24 and the
M-domain helix 4. (C) Two lysines (431 and 432) in the C-terminal part of the
M domain bind the sugar-phosphate backbone of rRNA helix 59. (D) Contact
formed between the M-domain finger loop and ribosomal protein L24.
(E) Model of the M domain (yellow) with the bound Lep signal sequence (red)
is superimposed on the crystal structure of the SRP54–signal sequence complex
from S. solfataricus (adapted from ref. 5). SRP54 M domain, blue; yeast
dipeptidyl aminopeptidase B-signal sequence, purple. The path of the nascent
polypeptide chain exiting from the large ribosomal subunit is indicated by red
dots. (F) Same as E, shown in a view from the ribosomal tunnel.
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reconstruction of the E. coli RNC–SRP complex (33), albeit at
lower resolution (∼10 Å), which had ruled out interpretation at the
amino acid residue level.
It is important to note that the interaction between the SRP and
the ribosome is weaker in the closed targeting state compared with
the early state. A Kd of 0.03 nM was determined for the SRP–FtsY
binding to the RNC3A7L in the early state, and a Kd of 0.9 nM in
the closed state (34). Therefore, in different targeting states, it
appears that additional amino acids could participate in mediating
contacts to the ribosome.
The Finger Loop Stabilizes Signal Sequence Binding. Another inter-
esting observation is the density connecting helix 1 (αM1) and
helix 2 (αM2) of the M domain representing the finger loop (Fig. 3
A and D). Among numerous SRP crystal structures, only three
structures visualized an ordered finger loop (3, 5, 12). In each of
these structures, the finger loop adopts a different conformation.
None of the crystal structures fitted to the EM density corre-
sponding to the finger loop in the closed complex. We therefore
modeled residues N343–D369 comprising the finger loop de novo
using HHpred and flexibly fitted the resulting helix–loop–helix
structure into the EM density (Fig. 3 A and D), providing the first
insight into how the E. coli SRP finger loop is arranged in a
ribosomal complex.
The Lep signal sequence is bound at virtually the same position
as in the SRP54–signal peptide crystal structure from S. solfataricus
(5) (Fig. 3 E and F). In our structure, which includes the RNC, we
find that the finger loop is located closer to the signal sequence,
giving rise to a sterically more restricted binding pocket. A 20-aa
signal sequence was present in the crystal structure (5). We note
that, in the presence of the ribosome, the path of the nascent chain
containing the signal sequence is incompatible with the geometry
observed in the crystal structure (5), because the C-terminal part
of the signal peptide would clash with ribosomal protein L24
(Fig. 3F). Thus, it appears that in the closed targeting complex,
only a smaller part of the signal sequence is bound by the M do-
main, and the nascent chain follows a different path when exiting
from the ribosomal tunnel (Fig. 3 E and F).
Discussion
Here, we report the 5.7-Å cryo-EM structure of the RNC–SRP–
FtsY complex in the presence of GMPPCP, representing the
closed state. The quasi-atomic model of the SRP comprises the
Ffh M domain and residues 14–87 of 4.5S RNA (Fig. 2C). Thus,
the reported binding site of the NG domains at the distal end of
the RNA (G83–C87) (23, 24) is included in our model. However,
we could not detect any density corresponding to the Ffh and
FtsY NG domains either at the distal end of the SRP RNA or
close to the RNA tetraloop in the cryo-EM reconstruction
(Fig. 2A). Instead, single-molecule FRET experiments (31) and
our gold-labeling experiments of the FtsY NG domain indicate
that, in the closed complex, the NG domains are flexible (Fig. 2D
and SI Appendix, Fig. S4C). In contrast, in the early state the NG
domains are bound to the RNA tetraloop (21, 35) (Fig. 4). In the
activated state, the NG domains bind at the RNA distal end ∼100 Å
away from the tetraloop (23, 24); taken together, this suggests that
the linker between the Ffh M domain and the NG domain must be
very flexible to allow such dramatic conformational rearrange-
ments (Fig. 4).
Whereas the RNC stabilizes the early state (13), the transition
to the activated state is triggered by binding to the SecYEG
translocon (18, 31). Indeed, L23 is accessible in the closed state for
translocon binding (Fig. 4 and SI Appendix, Fig. S6), in contrast to
the SRP-bound and early targeting complexes (19, 21, 33) where
L23 is occluded by the Ffh NG domain. It is noteworthy in this
context that a similar mobilization of the SRP–SRP receptor NG
domain complex has been described for the eukaryotic cotrans-
lational targeting complex (20), suggesting that the underlying
molecular mechanisms are evolutionary conserved.
Our cryo-EM structure reveals a fully ordered M domain with
a bound signal sequence. The signal sequence rests in a hydro-
phobic groove lined by methionine residues (methionine bristles)
and flanked by the finger loop. The finger loop has been sug-
gested to form a “lid” that closes over the signal sequence located
in the groove (3–5, 12). The crystal structure of the S. solfataricus
M domain in complex with a signal peptide (5) fits well into our
M-domain density (Fig. 3 E and F), with exception of the finger
loop. Eight amino acids of the N-terminal part of the signal se-
quence in the crystal structure (5) fit in our density, which cor-
responds to a signal sequence of minimal length. The remainder
of the signal sequence is not detected, despite the fact that the Lep
signal sequence comprises 16 hydrophobic amino acids. These
eight amino acids may be stably bound in the core of the signal
sequence binding groove of the M domain during the complete
SRP targeting process. Possibly, the signal sequence is bound more
tightly in earlier states of targeting and partially released during the
closed state.
In the early state cryo-EM structure, we found that the signal
sequence-binding part of the M domain was flexible as evidenced
by loss of this density (21). It is not straightforward to draw con-
clusions about the M-domain conformation from these structures,
because RNCs with a different nascent chain lengths and different
signal sequences have been used in each study. Different signal
sequence composition and nascent chain length has been reported
to affect SRP binding to the ribosome (36). Therefore, it could be
that the relatively short Lep50 nascent chain used in this study
induces a less-flexible M domain, which thus can be observed in
the EM density.
Fig. 4. Model of cotranslational targeting in E. coli. In the RNC–SRP complex, SRP is prepositioned to bind FtsY. FtsY binding leads to an early complex
inactive in GTP hydrolysis. Rearrangement of the NG domains in the closed complex requires GTP and leads to detachment of the NG domains from the RNA
tetraloop. SecYEG binding to L23 is suggested to lead to docking of the NG domains to the distal end of the RNA in the activated state and RNC handover to
SecYEG. GTP hydrolysis results in SRP–FtsY disassembly.
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We found three connections between the M domain and the
large ribosomal subunit (Fig. 3 B–D). In our structure, none of
the interactions is very strong, and this is in good agreement with
the previously reported reduced affinity of the SRP–FtsY closed
complex for RNCs (34). The Ffh M-domain helix 4 (αM4) seems
to play a major role in ribosome binding of the closed state forming
two contacts. A third contact involves the M-domain finger loop
and L24 (Fig. 3D). Deletion of finger-loop residues led to a signif-
icant loss of SRP RNA-stimulated complex assembly by SRP and
FtsY (4), indicating that the finger loop has a role beyond signal
sequence binding. Intriguingly, the finger loop has been shown to
have crucial functions as a sensor for signal sequence binding and
facilitator of subsequent conformational changes in SRP and FtsY,
including RNC unloading from the SRP (37). The finger loop
contacts the signal sequence and ribosomal protein L24 in our
structure (Fig. 3D). We speculate that L24 stabilizes signal sequence
binding by inducing a finger-loop conformation that prevents pre-
mature release of the signal sequence and SRP dissociation.
In conclusion, the closed-complex cryo-EM structure reported
here reveals the complex interactions of the SRP M domain with
the signal sequence and the RNC. Our structure suggests that
signal sequence binding to the M domain is stabilized by the
ribosome, which induces the formation of a more constricted
binding pocket by means of repositioning the finger loop. Fur-
thermore, our results show that the NG domains are detached
from the RNA tetraloop in the closed state but not yet bound to
the distal end where they are fully activated for GTP hydrolysis.
Additional high-resolution structures of cotranslational targeting
complexes will be required to uncover in the future the intricate
molecular mechanisms of communication among SRP GTPases,
SRP RNA, signal sequences, and ribosomal complexes.
Material and Methods
Cloning, Expression, and Purification of scSRP219, scSRP2192, FtsY219, and RNCLep50.
Plasmids encoding the scSRP219 (pET24aFtsYΔNlinkFfh and pUC19Ffs) (19) were
transformed in E. coli Bl21 Star cells. scSRP219 was expressed and purified by
affinity chromatography using the hexahistidine- and the StrepII-tags, fol-
lowed by anion exchange chromatography (MonoQ) as described (21). FtsY219Q345C
was expressed in E. coli Bl21 Star cells and purified by NiNTA, MonoQ,
and size-exclusion chromatography (S200) in buffer A [50 mM Hepes–KOH,
100 mM KOAc, 8 mM Mg(OAc)2 (pH 7.5), 500 μg/mL chloramphenicol]. RNCs
were prepared by in vitro transcription and translation from pUC19StrepLep50
and purified by sucrose gradient centrifugation and affinity chromatography.
See SI Appendix, Methods for cloning details.
Preparation and Characterization of RNCLep50nscSRP219–GMPPCP Complexes.
scSRP219 constructs were added in a 10- to 15-fold molar excess to 150–200
nM RNCLep50 and incubated for at least 15 min on ice followed by addition of
1 mM GMPPCP (Sigma) and further incubation for 1 h at room temperature.
The binding of scSRP219 to RNCLep50 under these conditions was confirmed
by cosedimentation experiments through a 0.5-M sucrose cushion in
buffer A (Fig. 1A). The complexes were further characterized by GTPase
assays, fluorescence measurements, and gold-labeling followed by cryo-EM
(SI Appendix, Methods).
Electron Microscopy and Image Processing. Quantifoil grids (300 mesh; Agar
Scientific) type R1.2/1.3 coated with a thin continuous carbon layer were
glow-discharged for 30 s, and 2.5-μL sample (200 nM RNCs) was applied on
the carbon side. The grids were blotted for 2 s inside the humidity chamber
using a Vitrobot Mark IV (FEI) and plunge-frozen immediately in liquid
ethane. Data were collected with FEI EPU software on a Titan Krios at 300 kV
using −0.6 to −3 μm defocus in 100-nm steps and an electron dose of 24 eÅ−2.
Micrographs were recorded on a direct electron detector (Falcon II; FEI) with
a calibrated pixel size of 1.08 Å per pixel.
The contrast transfer function was determined and corrected with bctf (Bsoft
package) (38). A total of 132,390 particles were selected semiautomatically
from 2,840 micrographs using e2boxer (EMAN2) (39). For initial alignments,
the particles were resampled to 5 Å per pixel in Fourier space using Xmipp
3.0 (40), and were aligned against a 40-Å low-pass-filtered vacant ribosome
(EMDB ID no. 1045) (41), yielding an initial reconstruction with relatively
weak density of scSRP219 (SI Appendix, Fig. S2). The resulting map, together
with another copy in which the scSRP219 density was deleted using UCSF
Chimera (42), was used for supervised classification to sort scSRP219-con-
taining particles from vacant ribosomes. The remaining 67,236 particles
were then reextracted with 2.5 Å per pixel. The average map from these
particles was low-pass filtered to 40 Å and used to perform an unsupervised
classification with four classes in RELION (43). We applied a spherical mask
around scSRP219 and the 50S ribosomal subunit to guide the classification
focusing on the different SRP conformations. The subset consisting of 32,170
particles demonstrates a well-defined M domain and 4.5S RNA. A final re-
construction for this subset was obtained using particles of 2 Å per pixel with
a spherical mask applied around scSRP219 and 50S. We used autorefine in
RELION, which is refining a separate model for two independent halves of
the data and avoiding overfitting (43). The final map was b-factor sharp-
ened using an automatically calculated b-factor value of −236.9.
Flexible Fitting and Generation of the Quasi-Atomic Model. A quasi-atomic
model was generated by initial rigid body-fitting of crystal structures of the
SRP (23), the 50S and the 30S ribosomal subunit (32), and the P-site tRNA into
the EM density using Chimera. The signal sequence was modeled using
a polyalanine sequence adopting a α-helix. The finger loop has been mod-
eled in HHpred (44) using the sequence from N343 to D369 of the E. coli SRP.
The quasi-atomic model of the Ffh M domain and the 4.5S RNA as well as
rRNA Helix 59 along with other deviating parts of the ribosome were
adapted to the density and energy-minimized using Coot (45), followed by
energy minimization in CNS version 1.0 (46).
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